An essential feature of meiosis is interhomolog recombination whereby a significant fraction of the programmed meiotic double-strand breaks (DSBs) is repaired using an intact homologous non-sister chromatid rather than a sister. Involvement of Mec1 and Tel1, the budding yeast homologs of the mammalian ATR and ATM kinases, in meiotic interhomlog bias has been implicated, but the mechanism remains elusive. Here, we demonstrate that Mec1 and Tel1 promote meiotic interhomolog recombination by targeting the axial element protein Hop1. Without Mec1/Tel1 phosphorylation of Hop1, meiotic DSBs are rapidly repaired via a Dmc1-independent intersister repair pathway, resulting in diminished interhomolog crossing-over leading to spore lethality. We find that Mec1/Tel1-mediated phosphorylation of Hop1 is required for activation of Mek1, a meiotic paralogue of the DNA-damage effector kinase, Rad53p/CHK2. Thus, Hop1 is a meiosis-specific adaptor protein of the Mec1/Tel1 signaling pathway that ensures interhomolog recombination by preventing Dmc1-independent repair of meiotic DSBs.
INTRODUCTION
Meiosis is a specialized cell division program during which a single round of genome duplication is followed by two successive rounds of chromosome segregation resulting in the halving of the genome. An essential feature of meiosis is that Spo11-catalyzed meiotic double-strand breaks (DSBs) (Keeney et al., 1997) are repaired using an intact homologous non-sister chromatid rather than a sister. During meiosis in budding yeast, the ratio between interhomolog (IH) and intersister (IS) recombination is estimated to be about three to one (Schwacha and Kleckner, 1994) . In contrast, recombinational repair of DSBs in diploid somatic cells occurs almost exclusively between sister chromatids (e.g., Kadyk and Hartwell, 1992) .
Two interdependent processes are required for meiotic IH recombination. One is the direct modification of the mitotic recombination apparatus. For example, a meiosis-specific RecA homolog, Dmc1, functions at an early step in recombination to promote invasion of broken ends into the homologs (Bishop et al., 1992; Schwacha and Kleckner, 1994) . The second is the establishment of meiosis-specific chromosome structure(s), which favors interactions between the homologs while minimizing those between sisters. Essential for the latter process are the meiotic axial element (AE) proteins Hop1, Red1, and Mek1 Kleckner, 1994, 1997; Wan et al., 2004; Niu et al., 2005 Niu et al., , 2007 . Strains harboring mutations in any of these genes generate inviable spores due to a severe reduction in IH recombination (Hollingsworth and Byers, 1989; Leem and Ogawa, 1992; Rockmill and Roeder, 1991; Woltering et al., 2000) . Interestingly, Mec1, the budding yeast homolog of mammalian ATR, and its genetic partners, Rad17 and Rad24, have also been implicated in meiotic recombination partner choice because mutations in any one of the three genes exhibit elevated levels of ectopic recombination (Grushcow et al., 1999) . Furthermore, rad24 as well as red1 and mek1 were isolated in a screen for mutants exhibiting an increase in meiotic IS recombination (Thompson and Stahl, 1999) .
The status of IH recombination is monitored by a meiotic surveillance system, which ensures that the onset of the first meiotic division (MI) is coordinated with the completion of DSB repair (Bishop et al., 1992; Lydall et al., 1996; Xu et al., 1997) . In dmc1D mutants, where IH-strand invasion fails to occur, cells accumulate extensively resected DSBs and arrest prior to MI. This arrest requires MEC1, RAD17, RAD24, HOP1, RED1, and MEK1 (Hochwagen and Amon, 2006) . dmc1D mec1-1 cells proceed through meiosis without repairing DSBs (Lydall et al., 1996) , reflecting a bona fide checkpoint bypass situation (Weinert and Hartwell, 1988) . In contrast, the meiotic progression observed in a dmc1D mutant following the inactivation of Hop1, Red1, or Mek1 is accompanied by efficient repair of the breaks via IS recombination; meiotic progression in this case is not a checkpoint bypass per se but instead is a consequence of inappropriate repair (Niu et al., 2005 (Niu et al., , 2007 Schwacha and Kleckner, 1994; Wan et al., 2004; Xu et al., 1997) .
Budding yeast Mec1 and Tel1, like their mammalian counterparts, ATR and ATM, are serine/threonine kinases (Mallory and Petes, 2000) . They preferentially phosphorylate their substrates on serine or threonine residues that precede glutamine residues, so-called SQ/TQ or [S/T]Q motifs. Many known targets of the ATM/ATR family proteins contain [S/T]Q cluster domains (SCDs). An SCD is operationally defined as a region where three or more SQ or TQ motifs are found within a tract of 100 residues or less (Traven and Heierhorst, 2005) . A key role of Mec1/Tel1 or ATM/ ATR phosphorylation is to promote adaptor-protein mediated activation of downstream effector kinases (Melo and Toczyski, 2002) . The composition of a specific adaptor-effector kinase pair involved depends on the type of aberration responsible for activating the ATM/ATR or Mec1/Tel1 signaling cascade. For instance, stalled replication forks lead to the phosphorylation of Mrc1 (budding and fission yeasts) or Claspin (frog and mammals), followed by activation of Rad53 or Chk1, respectively (Melo and Toczyski, 2002) . On the other hand, DNA damage activates the Rad9-Rad53 pair in budding yeast or Crb2-Chk1 in fission yeast. Interestingly, despite their essential roles during mitotic DSB checkpoint regulation, Rad9 and Rad53 do not appear to have any roles during unchallenged meiosis (Lydall et al., 1996; Roeder and Bailis, 2000) , suggesting that the surveillance mechanism of meiotic DSB repair may be distinct from its mitotic counterpart.
The requirement for Mec1 and Hop1/Red1/Mek1 in mediating a dmc1D arrest and their involvement in recombination partner choice raise the possibility that these proteins might be regulating a common process related to meiotic IH bias. Here, we demonstrate that Hop1 is a target of Mec1/Tel1. Characterization of the hop1 allele where three [S/T]Q motifs within the SCD are mutated to AQ (hop1 SCD ) reveals that phosphorylation by Mec1/Tel1 is required for preventing Dmc1-independent repair and mediating meiotic checkpoint arrest. Identification of Hop1 as the first meiosis-specific target of the ATM/ATR family of proteins provides useful insights into the ways in which these evolutionarily conserved proteins utilize the same molecular mechanism to promote fundamentally different cellular/chromosomal processes during proliferation and meiosis.
RESULTS

Hop1
Is a MEC1/TEL1-Dependent Phosphoprotein As Mec1 and Tel1 are protein kinases and Hop1, Red1, and Mek1 are phosphoproteins Roeder, 1998, 2000; de los Santos and Hollingsworth, 1999) , we asked whether Mec1 and/or Tel1 phosphorylate one or more of these proteins. Targets of ATM/ATR or Mec1/Tel1 have a typically high incidence of [S/T]Q motifs. Among Hop1, Red1, and Mek1, only Hop1 has significantly more than the expected incidence of [S/T]Q motifs. The numbers of [S/T]Qs in Hop1, Red1, and Mek1 versus the total number of residues are 8/605, 1/807, and 3/497, respectively. In addition, three of the eight [S/T]Qs in Hop1 occur within 20 residues, thus defining an SCD (Figure 1A) , a hallmark of Mec1/Tel1 and ATM/ATR targets (Traven and Heierhorst, 2005) .
Three domains can be recognized in Hop1. The N terminus contains a HORMA (for Hop1, Rev7 Mad2) domain, which is found in several proteins involved in DNA-checkpoint function, chromosome synapsis, and DNA repair (Aravind and Koonin, 1998) , although its precise function remains unknown. A central zinc (Zn) finger motif is required for in vitro DNA binding (Anuradha and Muniyappa, 2004) . The C terminus of Hop1 contains a predicted monopartite nuclear localization signal (NLS), PAK-IRKI, located between residues 588-594 (Lange et al., 2007) . Three [S/T]Q motifs are located within the HORMA domain. The SCD is located between the HORMA and the Zn finger domains. The remaining two [S/T]Q motifs occur between the Zn finger and the putative NLS ( Figure 1A ).
Using an a-Hop1 polyclonal antibody, we assessed the phosphorylation status of Hop1 in various genetic backgrounds. During normal meiosis, Hop1 phosphorylation is maximal between 2.5 and 6.5 hr and disappears by the time cells have undergone MI (Figures 1B and 1G ). The antibody detects multiple slowermigrating bands, suggesting multiple phosphorylation sites within the Hop1 protein. During wild-type (WT) meiosis, the fraction of phosphorylated Hop1 reaches no more than 40% of the total ( Figures 1B and 2D, HOP1 panel) . In the absence of Spo11 or its catalytic activity, Hop1 is not phosphorylated ( Figure 1C ) as observed previously (Niu et al., 2005) .
Hop1 was examined next in mec1D, mec1-kd (kinase dead), and tel1D strains to test whether its phosphorylation was MEC1 and/or TEL1 dependent. All mec1D and mec1-kd strains used in the current study carry a second mutation, sml1D, which suppresses the lethality conferred by mec1 null mutations (Zhao et al., 1998) . In a tel1D strain, Hop1 phosphorylation is similar to that observed in a WT strain ( Figure 1D ), consistent with the finding that tel1D strains do not exhibit any obvious meiotic defects (e.g., Figure 6C ). However, this is likely to be due to Mec1's ability to substitute for Tel1 function rather than Tel1 not playing any role during normal meiosis (see below). In mec1-kd or mec1D strains, a significant reduction in the phosphorylation of Hop1 is observed, especially in the appearance of the most slowly migrating, hyperphosphorylated isoform ( Figure 1D ; data not shown).
Next, we examined the status of Hop1 phosphorylation in the absence of both Mec1 and Tel1 functions. Characterization of a mec1D tel1D strain revealed that fewer cells enter meiotic prophase resulting in reduced amounts of meiotic DSBs (J.A.C., N. Hashash, and R.S.C., unpublished data). Given that Hop1 is a DSB-dependent phosphoprotein (Niu et al., 2005 ; Figure 1C ), we decided to utilize a mec1-4 ts tel1D sml1D strain (Cha and Kleckner, 2002) that is proficient for meiotic DSB formation (data not shown). In the mec1-4 ts tel1D sml1D strain, no higher mobility isoforms of Hop1 are detected ( Figure 1D ), demonstrating that Hop1 phosphorylation, at least that detectable by electrophoretic mobility shift, is entirely dependent on MEC1 and TEL1. MEC1/TEL1-dependent phosphorylation of Hop1 is apparently unaffected in a mek1D strain ( Figure 1E ) consistent with the reports that Mek1 function is downstream of Hop1 (Bailis and Roeder, 1998; Niu et al., 2005) . In contrast, Hop1 phosphorylation was absent in a red1D strain ( Figure 1E ), suggesting that the RED1-dependent recruitment of Hop1 (Smith and Roeder, 1997 ) is likely to be required for the Mec1/Tel1 phosphorylation.
Hop1 has been implicated in meiotic checkpoint regulation (Hochwagen and Amon, 2006) . To assess whether Hop1 phosphorylation was affected by the status of the meiotic checkpoint, we carried out western blot analysis of extracts prepared from strains carrying dmc1D or zip1D mutations. The dmc1D mutation triggers meiotic prophase arrest due to the presence of unrepaired DSBs (Bishop et al., 1992) . The budding yeast ZIP1 encodes the major component of the central element of synaptonemal complex (SC) (Sym et al., 1993) . Inactivation of Zip1 leads to defects in both SC development (Sym et al., 1993) and meiotic recombination (Bö rner et al., 2004) and also triggers a checkpoint response (Lydall et al., 1996) . In both dmc1D and zip1D mutants, accumulation of the hyperphosphorylated isoform of Hop1 is observed ( Figure 1F ). Under these conditions, the fraction of phosphorylated Hop1 reached 75%-80% of the total. Eliminating Mec1 function reduced the extent of Hop1 phosphorylation, indicating that the checkpoint-dependent accumulation of phosphorylated Hop1 is also, at least partly, MEC1 dependent ( Figure 1F ). Note that dmc1D mec1D or zip1D mec1-kd cells proceed through meiotic divisions (Figure 1G) despite the presence of limited Hop1 phosphorylation ( Figure 1F ), suggesting that the Hop1 phosphorylation observed under these conditions is unrelated to or insufficient for checkpoint arrest (see below).
Hop1 Is a Downstream Target of Mec1/Tel1
To test whether the Hop1 phosphorylation was mediated by Tel1/Mec1, we used a commercially available polyclonal antibody raised against synthetic phospho-(Ser/Thr) ATM/ATR substrate peptides. This a-p[S/T]Q antibody has already been utilized for cytological and biochemical characterization of ATM/ATR and Mec1/Tel1 targets (e.g., Morales et al., 2005; Smolka et al., 2007) . We, therefore, determined whether the a-p[S/T]Q antibody recognized any of the phosphorylated isoforms of Hop1. Western blot analysis was performed with protein extracts prepared from dmc1D or zip1D strains. We reasoned that utilization of mutants that lead to a stable accumulation of multiple isoforms of Hop1 (e.g., Figure 1F ) would enhance the likelihood of signal detection. Additionally, dmc1D hop1D and mec1-kd mutants were included as negative controls.
The a-p[S/T]Q antibody recognizes an identical sized band to the hyperphosphorylated isoform of Hop1 that is present specifically during meiotic prophase (Figures 2A and 2B ''ppHop1''; Figure 1B ). The detected signal is HOP1 and MEC1 dependent, indicating that the hyperphosphorylated isoform of Hop1 contains one or more Mec1/Tel1-phosphorylated SQ or TQ residue(s). Although the a-p[S/T]Q antibody does not react with the other isoform(s) of Hop1, they may still contain residues that are phosphorylated by Mec1 or Tel1. As the antibody was raised against a synthetic peptide containing pSQ or pTQ residues that are preceded by a leucine (L) residue, there could be selective affinity for the antibody depending on the residues surrounding individual pSQ or pTQ sites.
Mec1 and Tel1 Phosphorylate Multiple [S/T]Q Motifs in Hop1
Hop1 contains five SQ and three TQ sites, three of which comprise an SCD ( Figure 2B ). As many physiologically relevant Mec1/Tel1 phosphorylation events take place within such SCDs (Smolka et al., 2007; Traven and Heierhorst, 2005) , an allele of hop1 was constructed, where the SQ and TQ residues within the SCD were mutated to AQ (hop1 SCD ; Figure 2B ). The hop1 SCD allele confers a hop1 null phenotype for spore lethality and bypass of dmc1D arrest ( Figure 2C ). Western blot analysis
shows that the majority of Hop1 phosphorylation is eliminated in hop1 SCD cells ( Figures 2D and 2E ).
Next, the physiological significance of each S or T residue within the SCD was examined (Figures 2B and 2C) . A threonine to alanine substitution at T318 conferred a hop1 null phenotype typified by spore lethality and dmc1D bypass ( Figure 2C ). However, neither S298A nor S311A caused defects as severe as those conferred by either hop1 null, hop1 SCD , or hop1-T318A ( Figure 2C ). Thus, phosphorylation of the T318 residue has the largest effect on Hop1-dependent activity. Note that the phosphorylation at this residue must occur within the context of a threonine because replacing T318 with a phosphomimic residue aspartic acid (hop1-T318D) or with another phosphorylatable residue, serine (hop1-T318S), does not restore Hop1 function (Figures 2B and 2C) .
To assess whether each of the S or T residues within the SCD was phosphorylated, we examined the extent of Hop1 phosphorylation in specific hop1 mutants where one, two, or three S or T residues within the SCD are mutated ( Figure 2E, panel i) . The analysis revealed an additive reduction in Hop1 phosphorylation, suggesting that each S/T residue contributed to the overall Hop1 phosphorylation observed, irrespective of their physiological relevance.
When compared to spo11D or mec1-4 ts tel1D sml1D strains, the hop1 SCD mutant appears to have a residual level of phosphorylated Hop1 isoforms ( Figure 2E ). Therefore, hop1-5A was constructed, where two additional [S/T]Q residues were mutated to AQ in an attempt to create a mutant whose Hop1 phosphorylation status mimicked that in the mec1-4 ts tel1D strain ( Figure 2B ). The amount of Hop1-5A protein recovered was consistently reduced, suggesting the involvement of either the T181 and/or S454 residues in protein stability (Figures 2D and 2E) . When individually mutated, hop1-S454A mutants exhibit WT spore viability ( Figure 2C ). hop1-T181A mutants exhibit similarly reduced Hop1 protein levels ( Figures 2D and 2E ), suggesting that T181 may influence protein stability. Since the stoichiometry of Hop1, Red1, and Mek1 is important for meiosis (Woltering et al., 2000) , the hop1 SCD mutation was used to address the physiological significance of Mec1/Tel phoshorylation to avoid potential complications from disproportionate protein concentrations.
The physiological relevance of the remaining three potential phosphorylation sites, S22, S69, and T547, was also examined. All three homozygous diploid mutant strains exhibited wild-type spore viability ( Figures 2B and 2C ), suggesting that they are unlikely to be relevant target sites, at least when mutated individually. These mutants were excluded from further analyses.
The hop1 SCD Mutation Confers Multiple Meiotic Defects
The three major meiotic defects of hop1D strains are (1) a significant reduction in the amount of programmed DSBs generated (Mao-Draayer et al., 1996) , (2) the loss of IH recombination (Hollingsworth and Byers, 1989) , and (3) defective SC development (Loidl et al., 1994) . A checkpoint role has also been inferred for the HOP1 gene (Hochwagen and Amon, 2006) . A detailed characterization of hop1 SCD was therefore carried out to address whether phosphorylation of Hop1 by Mec1/Tel1 is required for any of these Hop1 functions.
Hop1 Phosphorylation Is Dispensable for Meiotic DSB Formation
The possible involvement of Mec1/Tel1 phosphorylation of Hop1 in DSB catalysis was examined. Since Hop1 also plays a role in the subsequent processing of meiotic breaks (Schwacha and Kleckner, 1994; Niu et al., 2005) , DSB analysis was carried out in the presence of the rad50S mutation, which blocks all post-DSB processing (Alani et al., 1990) . As expected, DSBs began to appear 4 hr after meiotic induction and continued to accumulate in a HOP1 rad50S strain whereas only background levels of DSBs were observed in a hop1D rad50S strain ( Figures 3B and 3E ). In the hop1 SCD rad50S mutant, meiotic DSBs began to appear and accumulated with kinetics and amounts comparable to those of HOP1 rad50S ( Figures 3B and 3E) . Thus, the Mec1/Tel1 phosphorylation of Hop1 is dispensable for generating WT levels of meiotic DSBs. Hop1 Phosphorylation Is Required for Preventing DMC1-Independent Processing of Breaks The elimination of Hop1, Red1, or Mek1 in a dmc1D mutant permits efficient repair of meiotic DSBs via RAD51/54/55/57-dependent IS recombination (Niu et al., 2005; Kleckner, 1994, 1997) . To examine whether Hop1 phosphorylation is required for preventing Dmc1-independent repair, the status of DSBs in hop1 SCD dmc1D and hop1 SCD dmc1D rad51D strains was assessed. In the HOP1 background, DSBs appear by 4 hr following transfer to sporulation medium (SPM) and accumulate in both dmc1D and dmc1D rad51D backgrounds ( Figures  3C-3E ). As expected, few breaks are seen in hop1D dmc1D and hop1 Ddmc1D rad51D cells because of the requirement for Hop1 in break formation (Mao-Draayer et al., 1996) . Few breaks were also seen in hop1 SCD dmc1D cells. However, in the latter case ( Figures   3C and 3E ), the breaks are apparently repaired via the RAD51-dependent repair pathway since hop1 SCD dmc1D rad51D cells display similar levels of DSBs to HOP1 rad51D dmc1D cells ( Figures  3D and 3E) . Thus, the Mec1/Tel1 phosphorylation of Hop1 is required to prevent DMC1-independent repair of meiotic DSBs. Rapid DSB Turnover and Diminished Interhomolog Crossing-over in hop1 SCD Cells
Next, we examined whether the failure to prevent DMC1-independent repair in hop1 SCD strains reduced the amount of IH recombination. We utilized the well-characterized HIS4LEU2 meiotic recombination hotspot, which allows for the detection of various recombination intermediates and products including DSBs and CRs ( Figure 3F ) (Hunter and Kleckner, 2001 ). In the WT control strain, DSBs and CRs are observed with the kinetics and the amounts similar to those previously observed ( Figures  3G and 3H) Thus, the Mec1/Tel1 phosphorylation is dispensable for the chromosomal association of Hop1/Red1 and the development of the chromosome axis.
The status of SC formation was assessed next by examining the localization of Zip1, the major component of the central element of the SC (Sym et al., 1993) . The hop1 SCD mutant phenotype was indistinguishable from that of hop1D as they both exhibited limited Zip1 staining and accumulation of polycomplexes (PCs), typical of defective SC assembly ( Figures 4A and 4C) . Thus, the phosphorylation of Hop1 is required for normal SC development. As IH recombination is required for SC formation, the apparent loss of IH-bias in hop1 SCD cells is likely to be causing this defect.
Mec1/Tel1 Phosphorylation of Hop1 Is Required for Mek1 Phosphorylation
Since HOP1-and RED1-dependent activation of Mek1 is required for meiotic recombination partner choice (Niu et al., 2005 (Niu et al., , 2007 , we tested whether the meiotic phenotype of hop1 SCD mutants was caused, in part, by defects in Mek1 activation. The chromosomal localization of Mek1 and its phosphorylation status were examined in WT, hop1 SCD , and hop1D strains. As previously reported (e.g., Bailis and Roeder, 1998) , we observed a patchy localization of Mek1 along the chromosomal axis in WT cells with limited and transient colocalization of the Mek1-Red1 and Mek1-Hop1 proteins ( Figure 4A ; data not shown). Compared to the WT strain, the extent of Mek1 localization is greatly reduced in both hop1 SCD and hop1D strains ( Figures 4A and 4D) . Next, the status of Mek1 activation was assessed by the appearance of phosphorylated isoforms of Mek1. In the WT strain, Mek1 phosphorylation was observed between 4 and 6 hr ( Figure 4E ), the period during which Hop1 is also phosphorylated (Figures 1B and 2D ). In the hop1 SCD strain, no Mek1 phosphorylation was observed ( Figure 4E ). Thus, phosphorylation of Hop1 is required for Mek1 activation. Note that the deficit in Mek1 chromosomal association in hop1 SCD increases progressively between 4 and 6 hr into meiosis ( Figure 4D ), the period during which both Hop1 and Mek1 phosphorylation is maximal ( Figures 2D and 4E ). Given that Mek1, like Red1 and Hop1, might also be required for WT levels of DSB formation (Leem and Ogawa, 1992; Nag et al., 1995) , the initial chromosomal localization of Mek1 might be independent of DSBs and Hop1 phosphorylation. The post-DSB chromosomal association of Mek1 and its activation, on the other hand, require Hop1 phosphorylation.
Mec1/Tel1 Phosphorylation of Hop1 Is Required for Meiotic Checkpoint Activity
To determine whether the Mec1/Tel1 phosphorylation plays a role in meiotic checkpoint regulation, the effects of the hop1 mutation on the timing of meiotic divisions in the presence of rad50S, dmc1D, rad51D dmc1D, or zip1D mutations were assessed. The hop1 SCD mutation partially or completely alleviated checkpoint arrest in all cases examined ( Figure 5A ), indicating that Hop1 phosphorylation is required for checkpoint activity. Note that in the dmc1D background, the effects of the hop1 SCD mutation on meiotic divisions is a consequence of the processing of DSBs via DMC1-independent repair rather than an actual relief of the arrest ( Figure 3C ; Niu et al., 2005) .
SCD
During unchallenged meiosis, hop1 SCD strains are unable to activate Mek1 ( Figures 4A, 4D , and 4E). To address whether the same defect was responsible for the checkpoint bypass phenotype, Mek1 localization and its phosphorylation were assessed in HOP1 dmc1D, hop1 SCD dmc1D, and hop1-T318A dmc1D strains. The hop1-T318A strain was included to test whether phospho-T318 is specifically required for chromosomal recruitment and phosphorylation of Mek1 as suggested by the mutational analyses (above; Figure 2C ). Compared to the Mek1 chromosome association during meiosis in WT cells (e.g., Figure 4A ; Bailis and Roeder, 1998) , its chromosomal association in the absence of Dmc1 is extensive, covering a substantial length of the AEs ( Figure 5B ). In the hop1 SCD dmc1D and hop1-T318A dmc1D strains, a significant reduction in Mek1 localization was observed (Figures 5B and 5C ; data not shown). Western blot analysis revealed a complete lack of Mek1 phosphorylation and a faster turnover of Mek1 protein in the hop1-T318A dmc1D mutant ( Figure 5D ). Thus, the checkpoint defects in the hop1 SCD and the hop1-T318A mutants arise from failure to activate Mek1.
Analysis of rad50S Mutants Identifies Two Interdependent Pathways of Hop1 Phosphorylation
The rad50S, mre11S, and sae2D mutations prevent nucleolytic removal of Spo11 from the break ends leading to the accumulation of unresected DSBs (Alani et al., 1990; Keeney and Kleckner, 1995; Nairz and Klein, 1997) , which, in turn, triggers a delay in meiotic progression. However, the nature of the rad50S/sae2D-induced checkpoint response is different from that induced by dmc1D or zip1D mutations because rad50S/sae2D mutants exhibit a delay in both MI and MII divisions (Alani et al., 1990; Cartagena-Lirola et al., 2006) , whereas the dmc1D or zip1D mutants arrest prior to MI. Furthermore, the rad50S/sae2D-induced delay is MEC1, TEL1, and RAD9 dependent (Usui et al., 2001) , whereas Tel1 and Rad9 are dispensable for arrests in dmc1D or zip1D mutants (Lydall et al., 1996; Usui et al., 2001 ). During dmc1D-or zip1D-induced arrests, there is an accumulation of hyperphosphorylated Hop1 isoforms ( Figure 1F ). Similar isoforms can also be seen during a rad50S delay ( Figure 6A ). Although inactivation of Tel1 and Mec1 both reduced this phosphorylation of Hop1, the extents of reduction differ. While there is partial Hop1 phosphorylation in mec1D cells, no phosphorylation can be seen in tel1D mutants ( Figure 6A ). This is despite the equal abilities of mec1 and tel1 mutants to bypass the rad50S delay (Usui et al., 2001) . The apparently different contribution of Tel1 and Mec1 to Hop1 phosphorylation suggests that Tel1 might act first and is required for subsequent phosphorylation by Mec1 in this mutant.
To address further the Mec1 versus Tel1 phosphorylation of Hop1, the nature of genetic interaction among MEC1, TEL1, RAD17, and RAD24 with regard to Hop1 phosphorylation was examined in a RAD50 background. Phosphorylation of Hop1 in rad24D and rad17D strains occurred at the same intermediate levels seen in mec1D strains ( Figure 6B ; data not shown). Inactivation of Rad24 in a tel1D strain leads to a complete absence of Hop1 phosphorylation ( Figure 6B ) as in mec1-4 ts tel1D mutants ( Figure 1D ). These observations suggest that MEC1/RAD24 (and RAD17) and TEL1 define two genetically separable pathways of Hop1 phosphorylation. In support of this notion, we find that spore viability of rad24D mec1-kd double mutants (47.5%) is comparable to that of rad24D and mec1-kd single mutants (34.7% and 51.5%, respectively; Figure 6C ). In contrast, inactivation of Rad24 in a tel1D background leads to less than 1% spore viability, comparable to that observed in mec1D tel1D double mutants. Finally, although required for the rad50S-induced checkpoint delay, Rad9 and its associated effector kinase, Rad53, are dispensable for normal meiosis ( Figure 6C ; Lydall et al., 1996; Roeder and Bailis, 2000) .
DISCUSSION
Here, we present evidence that a meiotic axial element protein, Hop1, is a target of the Mec1/Tel1 kinases. Elimination of Mec1/ Tel1 phosphorylation within the conserved SCD of Hop1 does not affect DSB catalysis but leads to defects in meiotic DSB processing and checkpoint regulation. The physiological significance of the phosphorylation of Hop1 by Mec1/Tel1 and the implications regarding the meiotic roles of Mec1/Tel1 are discussed below.
Deficit in IH Recombination in hop1 Mutants Stems from Aberrant Repair of Meiotic DSBs Independently of DSB Catalysis
A role for Hop1 in inhibiting Dmc1-independent repair of DSBs has been suggested to be the mechanism underlying the reduced IH recombination in hop1 mutants (Niu et al., 2005) . Nevertheless, due to Hop1's involvement in DSB formation, it has been difficult to eliminate the possibility that reduced levels of DSBs contribute to the overall reduction in IH crossing-over. The hop1 SCD phenotype described here demonstrates that the deficit in IH recombination in hop1 mutants is due to defects in DSB processing irrespective of its role in promoting DSB formation.
Most IH recombinants in budding yeast arise via the RED1-dependent ''interhomolog-only'' (IH-only) pathway, which exclusively generates IH-joint molecules (JMs) at the leptotene to zygotene transition. The small number of IH-JMs observed in a red1D mutant is proposed to arise via a less well-differentiated ''rogue'' pathway, which yields mostly IS-JMs with occasional IH-JMs (Schwacha and Kleckner, 1997) . Assuming that Hop1 is a component of the IH-only pathway, as suggested by the available evidence (e.g., de los Santos and Hollingsworth, 1999; Niu et al., 2005) , the current observations provide some relevant insights. First, as hop1 SCD cells generate WT level DSBs, commitment to the IH-only pathway in this mutant occurs after DSB formation. Thus, the role of the Hop1 phosphorylation in the IH-only pathway is entirely post-DSBs unlike that of Red1, which may function earlier in promoting the formation of IH-only pathway-specific DSBs (Schwacha and Kleckner, 1997) . Second, since the DSBs in hop1 SCD strains are efficiently processed by the DMC1-independent repair pathway, the Hop1 phosphorylation normally functions negatively to inhibit IS interactions (Niu et al., 2005 (Niu et al., , 2007 rather than positively to promote IH recombination.
Mechanism of Mec1/Tel1 Regulation of Meiotic Recombination Partner Choice
Combining the currently available data, we propose the following model ( Figure 7A ). Prior to DSB formation, Red1 and Hop1 localize to chromosomes to promote Spo11-catalyzed DSB formation independently of Mec1/Tel1. Immediately following DSB formation, Hop1 is phosphorylated. This initial Hop1 phosphorylation, at least in a rad50S strain, is specifically mediated by Tel1. Once resection of the break ends proceeds, proteins such as RPA, Rad17, and Rad24 required for Mec1 activation are loaded onto the ssDNA, and Mec1 is activated. Mec1 then carries out further phosphorylation of Hop1, generating sufficient levels of the hyperphosphorylated isoform, which in turn promotes stable chromosomal localization and full activation of Mek1. The stringent requirement for threonine phosphorylation at the residue 318 of Hop1 suggests that phospho-T318 is directly involved in interactions with the forkhead-associated (FHA) domain of Mek1 as demonstrated for other Mec1/Tel1 (ATM/ATR) adaptor and effector kinase interactions (e.g., Li et al., 2002) . The activated Mek1 would then phosphorylate appropriate targets to ensure that the 3 0 single-strand ends of DSBs invade one of the two homologs. Once a sufficient amount of IH recombination is underway, the IH-bias may be removed, in part, by the reversal of phosphorylation on targets of Mek1 by Gcl7, an associated phosphatase Hochwagen et al., 2005) . Note that despite well-documented examples of functional differences between Mec1 and Tel1 (and ATM and ATR) (Carballo and Cha, 2007) , the fact that tel1D cells exhibit no obvious meiotic defects suggests that such differentiation might be relevant only under certain conditions.
With respect to meiotic DSB repair, mec1D tel1D cells exhibit identical phenotypes to rad50S/mre11S/sae2D mutants concerning the accumulation of unresected meiotic DSBs (Cartagena-Lirola et al., 2006; J.A.C. and R.S.C., unpublished data) . Eliminating relevant [S/T]Q residues within Sae2 leads to the same phenotype, implying that Mec1/Tel1 regulate the removal of covalently bound Spo11 from break ends (Neale et al., 2005) and that Sae2 is a relevant target (Cartagena-Lirola et al., 2006) . Hop1 phosphorylation is observed in a rad50S mutant, which raises the possibility that the Hop1 phosphorylation may also play a role in Spo11-oligo removal. However, this is unlikely given that DSBs in hop1 SCD cells undergo resection ( Figure 3G , panel ii), unlike those in rad50S cells. Thus, Mec1/Tel1 activities are required for two early events in meiotic DSB repair: first for the removal of Spo11 from break ends by phosphorylating Sae2 (and Mre11) and second, ensuring IH-bias by phosphorylating Hop1.
Hop1 Is a Meiosis-Specific Adaptor Protein of the Mec1/Tel1 Signaling Pathway Activation of the ATR/ATM or the Mec1/Tel1 signaling cascade is mediated by a specific adaptor/effector kinase pair (Introduction). The nature of the interaction among Mec1/Tel1, Hop1, and Mek1 described here suggests that Hop1 and Mek1 are the meiotic adaptor and the effector kinase of the Mec1/Tel1 signaling pathway, respectively. Mec1 and Tel1 become activated in response to DSBs, whether breaks arise as a part of meiotic program or accidentally during proliferation ( Figure 7B ). Next, phosphorylation of the meiotic Hop1 or the mitotic Rad9 adaptor proteins takes place, which in turn leads to the activation of Mek1 or Rad53, the respective effector kinases. The activated Rad9/Rad53 would monitor the status of mitotic DSB repair and prevent G2/M transition until the repair is complete; their direct involvement in the repair process remains unclear ( Figure 7B , pathway ''c''). The meiotic counterparts, Hop1/ Mek1, are essential components of meiotic DSB repair machinery that promote CR formation by inhibiting DMC1-independent repair. At the same time, they monitor the status of IH repair, triggering prophase arrest when necessary. Given that rad53 and rad9 mutants exhibit WT level spore viability ( Figure 6C ) and that Rad9 is dispensable for dmc1D checkpoint arrest (Lydall et al., 1996) , we propose that meiotic DSB repair is monitored by a meiosis-specific IH-surveillance system comprised of the meiotic proteins Hop1/Mek1 and the master regulator, Mec1/ Tel1 ( Figure 7B , pathway ''a''). In the absence of Hop1 phosphorylation, meiosis proceeds without IH bias where the DSBs are repaired via the DMC1-independent IS recombination pathway. Failure to repair breaks in a rec À mutant in the absence of Mek1 activation ( Figure 7B , pathway ''b'') may activate the mitotic surveillance system (Rad9/Rad53) causing the partial delay/ arrest phenotype observed ( Figure 5A ).
Meiotic Functions of Mec1/Tel1
Hop1 is one of several meiotic targets of Mec1 and Tel1 (Carballo and Cha, 2007) . The fact that hop1 SCD , mec1D, tel1D, and mec1D tel1D strains do not exhibit the same phenotype is also consistent with this. For instance, the higher spore viability of mec1D or tel1D, strains compared to hop1 SCD is likely to be due to the functional redundancy between Mec1 and Tel1 with respect to Hop1 phosphorylation ( Figure 1D ). On the other hand, the more severe phenotype observed in mec1D tel1D cells compared to hop1 SCD strains is likely due to the failure to phosphorylate additional targets, including those directly involved in DSB repair such as Mre11, Sae2, and RPA (Carballo and Cha, 2007) . Inactivating mutations of ATM/ATR family proteins lead to meiotic dysfunction in non-yeast species (Carballo and Cha, 2007; Burgoyne et al., 2007) . Current findings suggest that a failure to regulate IH recombination could be an underlying mechanism. Although homologs of Hop1 have been identified in organisms ranging from fission yeast (Lorenz et al., 2004) to humans (Chen et al., 2005) , the T318 of Hop1, identified to be essential in budding yeast meiosis, is only conserved among the fungal and plant homologs ( Figure S1 ). Similarly, the meiotic ortholog of Rad53, Mek1, is found only among fungal species. Thus, the exact nature of the adaptor and the effector kinase proteins involved in regulating meiotic IH recombination may vary depending on the organism. Identification and characterization of additional meiosis-specific targets of the ATM/ATR family of protein kinases should provide insights into the ways a central cell-cycle regulator protein controls fundamental processes that are unique to meiosis.
EXPERIMENTAL PROCEDURES Yeast Strains and Media
All strains were of the SK1 background; relevant genotypes of the strains are listed in Table S1 . Specific [S/T]Q to AQ mutations were introduced into pLT11, a HOP1-URA3 integrative plasmid previously described (Niu et al., 2005) utilizing a QuickChange Multi Site-Directed Mutagenesis kit (Stratagene). The entire coding sequence of each allele was determined to ensure that no additional mutations were created during construction. Each hop1 allele was introduced into the URA3 locus of hop1D haploid strains of opposite mating types. Transformants containing single integrated copies of specific hop1 alleles were identified by Southern analysis and were mated to generate homozygous diploid strains.
Synchronous Meiotic Time Course
Induction of synchronous meiosis was carried out according to the established protocol (Padmore et al., 1991) . All pre-growth and meiotic time courses were carried out at 30 C unless specified otherwise. For mec1-4 ts tel1D sml1D meiosis, the culture was kept at 23 C and shifted to 30 C 2 hr after transferring into sporulation medium (SPM). An aliquot was removed at the specified time.
Cytological Methods
Surface spread meiotic chromosomes were prepared as described (Dresser and Giroux, 1988) . Staining was performed as described (Gasior et al., 1998) with the following primary antibodies: rabbit policlonal anti-Hop1 (1:300, F. Klein, MFPL), mouse monoclonal anti-HA (12CA5, 1:100, S. Ley, NIMR), rabbit polyclonal anti-Zip1 (1:300, V. Bö rner, Cleveland State University), and rabbit polyclonal anti-Red1 (1:100, G.S. Roeder, Yale University). Secondary antibodies (Invitrogen) were used at a 1:500 dilution: chicken anti-mouse Alexa-488, chicken anti-rabbit Alexa-594. Chromosomal DNA was stained with 1 mg/ml 4,6-diamino-2-phenylimide (DAPI). Images were recorded and analyzed using a Deltavision (DV3) workstation from Applied Precision Inc. with a Photometrics CoolSnap HQ (10-20 MHz) air cooled CCD camera and controlled by Softworx image acquisition and deconvolution software.
Western Blots
Whole-cell extracts were prepared from cell suspensions in 20% trichloroacetic acid by agitation with glass beads. Precipitated proteins were solubilized in SDS-PAGE sample buffer and appropriate dilutions were analyzed by SDS-PAGE and western blotting. Antibodies for western blotting were mouse monoclonal anti-HA (1:1000), rabbit polyclonal anti-Hop1 (1:1000), anti-Phospho-(Ser/Thr) ATM/ATR substrate (1:1000, Cell Signaling), goat anti-mouse IgG conjugated to horseradish peroxidase (1:10,000; SigmaAldrich), and donkey anti-rabbit IgG conjugated to horseradish peroxidase (1:10,000; Sigma-Aldrich).
SUPPLEMENTAL DATA
Supplemental Data include one table and one figure and can be found with this article online at http://www.cell.com/cgi/content/full/132/5/758/DC1/.
